Background: Hyperthyroidism, the most common endocrine disorder in cats, has been associated with low serum cobalamin concentrations. Whether this is a functional cobalamin deficiency of clinical importance has not been assessed.
) is a water-soluble vitamin that has an important role in cellular functions involving DNA synthesis and amino acid production. 1 It is a cofactor required in many enzymatic reactions, including the conversion of methylmalonyl-coenzyme A to succinyl-coenzyme A and the conversion of homocysteine (Hyc) to methionine. Diminished activity of these enzymes leads to increased serum methylmalonic acid (MMA) 2 and Hyc 3 concentrations. Hypocobalaminemia is defined as a low serum cobalamin concentration; however, it does not accurately reflect a low cellular cobalamin concentration or functional cobalamin deficiency. 4 In humans, increased serum concentrations of MMA and Hyc in association with hypocobalaminemia are considered accurate and reliable markers of a cellular cobalamin deficiency. 5, 6 A functional cobalamin deficiency is an important metabolic derangement in humans that may lead to substantial morbidities, such as anemia, cognitive impairment, weakness, and peripheral neuropathies. 1 Because of its role in DNA synthesis, cobalamin deficiency has a considerable impact on rapidly dividing cells such as the intestinal epithelium, causing atrophy of the intestinal crypts and subsequent malabsorption. 7 Cobalamin reserves in cats become depleted within days in part because of the absence of circulating transcobalamin 1 and cobalamin loss via the enterohepatic circulation. 8 Cobalamin deficiency in cats is not associated with hyperhomocysteinemia seen in humans, 9, 10 suggesting species differences in Hyc metabolism. However, low cobalamin levels in cats are associated with alteration in the metabolism of other sulfur-containing amino acids, to include methionine, cystathionine, and cysteine. 9 In addition, increased serum MMA concentrations are found in 68% of cats with low serum cobalamin, suggesting a functional deficit in this species.
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In a recent study, a significant decrease in serum cobalamin concentrations were reported in hyperthyroid cats, however, MMA concentrations were not measured and the change in cobalamin status after treatment for hyperthyroidism was not assessed. 12 Low serum cobalamin concentrations are also associated with hyperthyroidism in humans but are considered functionally unimportant 13,14 as serum cobalamin levels rise significantly once euthyroid. 15, 16 Based on known differences in nutritional requirements as well as a much higher cobalamin turnover in cats, 8 feline hyperthyroidism may be a risk factor for a functional cobalamin deficiency and a clinical population of cats that may benefit from cobalamin supplementation. 5 The purpose of this study was to prospectively determine, in a well-characterized population of hyperthyroid cats, whether (1) hypocobalaminemia reflects functional cobalamin deficiency, using increased serum MMA as the marker of cellular cobalamin deficiency, (2) determine whether serum cobalamin, and, if abnormal, MMA concentrations normalize when the euthyroid state is achieved after radioiodine treatment, and (3) assess whether the clinical catabolic state associated with feline hyperthyroidism, as defined by body condition score, body weight, and fecal score, correlates with cobalamin status.
Materials and Methods

Cat Selection
Client-owned hyperthyroid cats that presented to the University of Wisconsin (UW) Veterinary Care for radioiodine treatment between July 2013 and April 2015 were recruited for the study. Cats with clinical signs of hyperthyroidism (weight loss, polyphagia, polyuria, polydipsia, or palpable goiter) and a serum total thyroxine (T4) > 4.8 lg/dL (reference range 1.9-4.8 lg/dL) were eligible for enrollment. Cats previously treated with methimazole were eligible for enrollment as long as they were biochemically hyperthyroid and had not received antithyroid medications for at least 7 days (calculated using a methimazole half-life of 3 hours in cats) before enrollment. 17, 18 Cats previously diagnosed with infiltrative or inflammatory small intestinal disease via surgical or endoscopic biopsies, exocrine pancreatic insufficiency based on a serum trypsin-like immunoreactivity (TLI) concentration <8 lg/L, 19 or supplemented with cobalamin within 65 days of presentation (calculated using a cobalamin half-life of 13 days in cats) were excluded from the study. 20 All study protocols were reviewed, approved, and conducted in accordance with the University of Wisconsin Animal Care and Use Committee. Informed consent was provided by all cat owners before enrollment into the study.
Study Design
A prospective, observational study design was used. At the time of study enrollment, all cats were required to be clinically and biochemically hyperthyroid. After their initial evaluation the cats were treated with subcutaneous radioiodine (ie, I 131) using a standard treatment algorithm, with dosage based on the severity of the cat's clinical signs, size of the goiter, and serum total T4 concentration. 21 Cats were reevaluated 60 days after radioiodine treatment, when 95% of cats are euthyroid using this protocol. 21 During the 60 days observation period, cats were maintained on the same diet they were eating at the time of study enrollment. Data collected at the time of recruitment and at the 60 day reevaluation included age, breed, sex, spay/neuter status, medical history pertaining to hyperthyroidism and gastrointestinal (GI) disease, current diet, body weight, current drug therapies, and any concurrent conditions. A physical examination and body condition score (scale 1-9) were performed in all cats by a single clinician (BG). In addition, an illustrated fecal scoring chart a was used by the owner to subjectively score their cat's stool quality. Each cat was assigned a whole number value between 1 (i.e. "very hard") to 7 ("watery") based a visual comparison.
Sample Collection and Analysis
Cats were fasted for a minimum of 12 hours before blood collection. Blood and urine samples were collected from all cats at enrollment and 60 days after radioiodine treatment. Five to 6 mL of venous blood (<1% of a cat's body weight) was collected from jugular, cephalic or saphenous vein. Urine (3-6 mL) was collected by cystocentesis or from a voided sample.
All recruited hyperthyroid cats had screening diagnostic procedures before radioiodine treatment including a complete blood count (CBC), biochemical panel, urinalysis (UA), serum total T4, blood pressure, and examination of thoracic radiographs. If screening diagnostics done by referring veterinarians were available for review and performed by a commercial veterinary clinical pathology laboratory within 2 weeks before evaluation at the UW Veterinary Care, additional screening diagnostics were not performed at the time of study enrollment. Screening after radioiodine treatment include a recheck blood pressure, biochemistry panel, serum total T4, and urine specific gravity.
For the study, serum was submitted at enrollment and after radioiodine treatment to the GI laboratory at Texas A&M University (College Station, TX) for analysis of folate, cobalamin, feline TLI, and MMA concentrations. Serum samples were stored at <4°C and shipped on ice to the GI laboratory for analysis. Folate was measured as a marker of both duodenal malabsorption and small intestinal bacterial overgrowth (SIBO) which has been correlated with altered MMA absorption in humans. 22 MMA was measured using a stable isotope dilution gas chromatography-mass spectrometry assay, which was previously described and validated in cats.
11
Hypocobalaminemia was defined as a serum cobalamin concentration <290 ng/L based on the reference interval (290-1499 ng/L) provided by the GI laboratory at Texas A&M University. Serum cobalamin concentrations are reported based on the assay's working range of 150-1000 ng/L; serum samples above or below the assay's working range were either reported as <150 ng/L or >1000 ng/L, respectively. 12 The markers used to define a cellular (or functional) cobalamin deficiency were hypocobalaminemia in association with a serum MMA concentration >867 nmol/L.
Statistical Analysis
An a priori power calculation was used to determine our target enrollment of 30 hyperthyroid cats and was based on the previously reported prevalence of low cobalamin in hyperthyroid cats 12 and the anticipated prevalence of high serum MMA concentrations if hypocobalaminemic. 11 The enrollment of 30 cats provided >95% power to detect a significant difference between serum cobalamin and MMA concentrations in hyperthyroid cats.
Descriptive statistics were used to define baseline characteristics (age, body weight, and clinicopathological values) of the hyperthyroid cat population and values were compared before and after radioiodine treatment using Wilcoxon signed-rank test. The prevalence of hyperthyroid cats with a serum cobalamin concentration <290 ng/L and MMA concentration >867 nmol/L before radioiodine treatment was calculated. Serum cobalamin and MMA concentrations were compared in hyperthyroid cats before treatment and after restoration of a euthyroid state using Wilcoxon signedrank test. Cats in which the hyperthyroid state persisted at the 60-day recheck were excluded from the after treatment analysis. In cats with clinical and biochemical hyperthyroidism, clinical scores (body condition score, body weight, and fecal score) were evaluated for correlation with serum cobalamin concentrations using a Spearman rho correlation. Statistical calculations were performed with a commercial software package.
b All values are reported as median and ranges. Statistical significance was set at P < .05.
Results
Study Population
During the active enrollment period, a total of 69 hyperthyroid cats were evaluated and treated with radioiodine treatment with a total of 39 cats enrolled into the study (Fig 1) . Demographics, clinical scores (body weight, BCS, fecal score), and results of selected diagnostics of the hyperthyroid cats at enrollment and 60 days after radioiodine treatment are summarized in Tables 1 and 2 . After radioiodine treatment and return to the euthyroid state there were significant increases in body weight, BCS, and folate concentrations and a decrease in total T4 concentrations. There was no significant change in the cats' cobalamin concentrations or fecal scores after radioiodine treatment.
Cobalamin and MMA concentrations
Five of the 39 hyperthyroid cats (13%) had a low serum cobalamin concentration ranging from <150 to 290 ng/L (Fig 2) . In 4 of these 5 cats with 60 day follow-up data, 2/4 hypocobalaminemic cats had serum cobalamin concentrations increased to >350 ng/L once euthyroid. In the remaining 2 cats, serum cobalamin concentrations remained <290 ng/mL. None of the hyperthyroid/hypocobalaminemic cats had increased serum MMA concentrations (175-601 nmol/L). In cats with clinical and biochemical hyperthyroidism, there was no correlation between serum cobalamin concentrations with total T4 concentrations (P = .12) or clinical scores including body weight (P = .11) and BCS (P = .54). There was a weak negative correlation between serum cobalamin concentrations with fecal score in cats with clinical and biochemical hyperthyroidism, Spearman rho correlation coefficient of À0.3677 (95% confidence interval À0.62 to À0.049. P = .021).
Discussion
In this well-characterized population of hyperthyroid cats the prevalence of hypocobalaminemia was low (13%), and none of the cats with low cobalamin had a concurrent increase in MMA concentrations. Half of the hyperthyroid/hypocobalaminemic cats had a significant increase in their cobalamin concentrations once euthyroid. The results of this study suggest that hyperthyroid cats with a concurrent hypocobalaminemia do not experience a functional cobalamin deficiency or altered cobalamin concentration at the cellular level. In addition, there was no correlation between serum cobalamin and T4 concentrations or clinical score further supporting that a low serum cobalamin in some hyperthyroid cats is not clinically important. Two cats had Fig 1. The progression of study events for all cats evaluated and enrolled over the 60 day observation period of the study. persistently low cobalamin concentrations (<290 ng/L) after radioiodine treatment, suggesting the possibility of concurrent subclinical malabsorptive gastrointestinal disease. Neither cat had clinical evidence of diarrhea (fecal scores before I131, 2 and 4 versus after I131, 2 and 2, respectively) or significant decrease in body condition (BCS before I131, 3 and 3 versus after I131, 3 and 4, respectively) or body weight (before I131, 3.8 kg and 2.7 kg versus after I131, 3.7 kg and 3.5 kg, respectively). In addition, neither of these cats required subsequent reevaluation for clinical signs suggestive of gastrointestinal disease as of the writing of this manuscript.
Similar to hyperthyroidism in women, the results of this study suggest feline hyperthyroidism is not associated with a clinically important functional deficiency in cobalamin.
13,14 However, the prevalence of hyperthyroid/hypocobalaminemia in this study is in contrast with the a recent retrospective study which reported a 40% prevalence in their population of hyperthyroid cats. 12 Both studies used the same validated analytical methodology (an automated chemiluminescence assay) via the GI laboratory at Texas A&M to quantify serum cobalamin concentrations. A possible reason for the discrepancy in the prevalence of hypocobalaminemia between studies is the difference in the feline populations studied. The feline population was prospectively enrolled in this study and was a well-characterized group of clinically hyperthyroid cats. None of the enrolled cats had clinical evidence of concurrent illness, specifically EPI or gastrointestinal disease. In contrast to the cat population presented here, the cat population studied previously was acquired retrospectively through convenience sampling of available serum samples from cats reported to be hyperthyroid but in the absence of any clinical history. No information was provided at the time of blood collection about the cats including clinical signs or presenting complaint, previous medical history, diagnostics to rule out concurrent illnesses including gastrointestinal disease, current medications (ie, antithyroid treatment or cobalamin supplementation), or dietary information. In the absence of any clinical history, the prevalence of hypocobalaminemia may have been confounded by common diseases affecting an older (median age 13 years, range 6-22) population of cats (ie, malabsorptive gastrointestinal disease including inflammatory bowel disease or lymphosarcoma and chronic kidney disease), which impact serum cobalamin concentrations. However, other plausible explanations for the contrasting results between studies should not be discounted including sample size. The lower-thanexpected prevalence of hypocobalaminemia in this population of hyperthyroid cats resulted in an As a result of cat compliance urine specific gravity measurements were only available in 20 cats. Abbreviations: I131, iodine 131 or radioiodine; TT4, total thyroxine; RI, reference interval; HCT, hematocrit; BUN, blood urea nitrogen; SG, specific gravity; ALT, alanine aminotransferase; ALP, alkaline phosphatase; TLI, trypsin-like immunoreactivity; MMA, methylmalonic acid. underpowered study and our negative findings. Our a priori power calculation determined a statistical power of >95% to detect hypocobalaminemia in this population of cats. 12 An unexpected but interesting outcome of this study is that when cats are hyperthyroid, serum folate concentrations were significantly lower than when euthyroid. Serum folate concentrations significantly increased once the cats were euthyroid without a change in diet or supplementation. The altered serum folate concentrations experienced by hyperthyroid cats is likely relative based on serum levels not falling outside the reference interval and serum folate concentrations spontaneously increasing once cats were euthyroid. The clinical importance of a lower serum folate concentrations in hyperthyroid cats is unknown. Low folate in the absence of hypocobalaminemia has been reported in other ill cat populations including cats with aortic thromboembolism (mean folate concentration 13.8 lg/L) 23 and a heterogeneous group of systemically ill cats (n = 103). Forty of the 103 ill cats were reported to have a serum folate lower than the reference interval. 24 Additional research is needed to assess if a lower serum folate concentration in cats is associated with a functional folate deficiency. A concurrent increase in the urinary excretion formiminoglutamic acid (or FIGLU) 25 is one proposed marker of a functional folate deficiency. For example, increased urinary excretion of FIGLU was described in kittens fed a diet deficient in folate. 26 A deficiency in folate results in the inability to metabolize FIGLU to glutamic acid leading to an increase in FIGLU concentrations in the urine.
Possible explanations for the lower serum folate concentrations in association with hyperthyroidism in cats are likely multifactorial including decreased absorption, increased loss, or increased utilization (or altered metabolism). Hyperthyroidism has been associated with faster gastrointestinal transit in cats, 27, 28 suggesting the possibility of either increased gastrointestinal loss or decreased gastrointestinal absorption of folate in cats. The altered metabolic state associated with hyperthyroidism includes increased renal blood flow (or GFR) and altered active tubular transport 29 suggesting the possible role of increased urinary loss of folate when cats are hyperthyroid that subsequently decreases once euthyroid. In this group of hyperthyroid cats, the significant increase in creatinine and folate once euthyroid (60 days after radioiodine treatment) may suggest that the urinary excretion of folate is altered in hyperthyroid cats. 30 Finally, the increased catabolic state associated with hyperthyroidism may contribute to an increase in the demand for folate by the remethylation pathway of Hyc to methionine. Folate is essential in the remethylation pathway to produce S-adenosylmethionine (the universal methyl donor needed in nucleic acid synthesis) and regenerate methionine as well as central to cellular metabolism, specifically its role in one-carbon oxidation/reduction reactions. 31 In humans, folate deficiency is often associated with hyperhomocysteinemia. 32 Cats have several unique metabolic and nutritional requirements making comparisons across species difficult. For example, cats relative to humans have differences in Hyc metabolism 9, 10 and dietary amino acids (ie, taurine, arginine, and methionine) requirements. 33 The findings of this study further support species differences (ie, human versus cat) in B vitamin concentrations during illness. 34, 35 Hyperthyroid cats do not have abnormally low cobalamin and higher folate concentrations as do hyperthyroid women 14 but rather have no significant change in serum cobalamin and significantly decreased levels of serum folate. Experimental studies in hyperthyroid humans and rodent models support increased activity of methylene tetrahydrofolate reductase (MTHFR) leading to decreased folate concentrations.
14,36 A similar mechanism seems unlikely in hyperthyroid cats. Further assessment as to the mechanism and/or clinical importance of decreased folate concentrations in hyperthyroid cats may include an assessment of MTHFR activity, Hyc concentrations, and/or urinary FIGLU levels, which were not evaluated in this study.
The strengths of this study are the prospective study design and the use of a well-characterized population of clinically hyperthyroid cats before and post definitive treatment with radioiodine. As previously discussed, the limitations of this study include the relatively small population of hyperthyroid cat studied and the inability to more definitively rule out concurrent gastrointestinal disease in this cat population. However, the study's inclusion/exclusion criteria used not only history and clinical signs but also biochemical testing and previous gastrointestinal biopsies to exclude any cat suspected or diagnosed with underlying gastrointestinal disease from study enrolment, minimizing the confounding variables in the interpretation of the serum cobalamin concentrations. Additional diagnostics including a noninvasive abdominal ultrasound of the cats with low cobalamin may have helped rule out concurrent malabsorptive disease, however, ultrasonographic changes generally correlate poorly with small intestinal histological findings. 37 In conclusion, the prevalence of hypocobalaminemia is low in this group of hyperthyroid cats. In some hyperthyroid cats in which underlying gastrointestinal disease is unlikely, concurrent hypocobalaminemia is not a functional deficiency in need of supplementation. However, further investigation for subclinical gastrointestinal disease is recommended in any cat with persistent hypocobalaminemia once euthyroid after radioiodine treatment. Significantly lower serum folate concentrations occur in cats when hyperthyroid, but levels increase once euthyroid, suggesting a clinically unimportant observation. 
